Abstract-A programming technique for controlling the floating gates (FG) in ultra low-voltage (ULV) floating-gate circuits is presented. Simple ultra low-voltage floatinggate current scaling and level shifting circuits are discussed. The current scaling and level shifting are accomplished using only minimum sized transistors and floating capacitors. Floating-gate current multiplier and divider circuits are described. Measured results are provided.
I. Introduction
A S the current-mode approach to analog circuit design [1] is gaining interest due to better performance, another compelling reason for current-mode circuits is the decreasing power supply of digital microelectronics. The upside of sharing both silicon and power with digital electronics challenges the analog designer to come up with solutions for low-voltage circuits. As the power supply is reduced, the available headroom is shrinking, so current-mode design techniques provides some kind of relief by demanding much less headroom.
One possible solution to the matching problem is postfabrication tuning using laser-trimming. Techniques requiring individual tuning of each powered-up circuit are slow and expensive. Another approach to threshold matching is to use MOS transistors with capacitive coupling to a floating gate. A change in the stored charge of the floating gate will effectively shift the threshold voltage seen from the capacitively coupled input terminal. The success of this approach is clearly dependent on both the accuracy and the overhead penalty in terms of silicon area and production cost.
Different tuning schemes are used for controlling the charge stored on a floating gate. Several solutions involve injection-based techniques using high-voltage in combination with dedicated processes. Recent results [2] indicates that floating-gate tuning may be done in standard, double-poly CMOS. Utilizing the old technique of UV-light activated conductances, we are able to implement lowpower, area-efficient analog circuits. The threshold of FGtransistors may be tuned to suitable values [3] .
In this paper we present a general method for tuning floating-gate transistors [3] . The effective threshold of the pMOS and nMOS transistors are adjusted to match a desired supply voltage and current level. The floating-gate UV-light programmable MOS transistor (FGUVMOS) can be used to implement low-power/low-voltage digital and analog circuits [4] , [5] , [6] . The programming technique has been applied to a number of analog ULV current mode floating-gate circuits and ULV transconductance amplifiers [7] .
In the following, we will apply the FGUVMOS transistors to design current-mode circuits for ULV operation, but in order to understand the design we have to explain some more details about FGUVMOS circuits in general. There is always one pMOS stacked on top of one nMOS transistor. The height is always two with a common drain-node, however additional MOS transistors may be added in parallel (both pfets and nfets). Each floating gate may have several inputs connected through floating capacitors, compensating for the limited stacking. All FGUVMOS circuits must be tuned or programmed using short-wave UV-light (UV-C) [3] , [8] . Note that all transistors on a chip, or even a wafer, can be programmed simultaneously without using any additional programming circuitry.
The ULV floating-gate analog circuits presented in this paper can operate down to approximately 100mV in weak inversion. In the following analysis all transistors are assumed to be in saturation, hence only the saturation voltage and required frequency response limit the minimum usable supply voltage. Typical supply voltages for the ULV floating-gate circuits are in the range 0.2V to 1.0V .
In section II the FGUVMOS transistor and the generic FGUVMOS circuit is presented and the floating-gate programming technique is described in section III. The ULV floating-gate current mirror, inverter, scaler and level shifter are presented in section IV. In section V ULV floating-gate current multiplier and divider circuits are discussed [9] .
II. FGUVMOS circuits
To ensure a direct control of the effective threshold voltage or current level in the programming mode no series transistors are allowed between supply rails and outputs. Although the design space for a creative circuit designer seems rather limited with FGUVMOS circuits, it is possible to create a versatile set of circuit-elements with familiar behavior. The central design technique is the well-known capacitive division with the floating-gate as the divided node. Unlike traditional circuits, there is no leakage from the divided node under normal operation.
For a multiple input FGUVMOS transistor each input has by design an effective coupling capacitance, C i , to the floating-gate. The input signal (control gate) is attenuated with a factor k i = C i /C T , where C T is the total load capacitance seen from the floating gate. k i is called the capacitive division factor for input i.
It is convenient to express the behavior of a FGUVMOS circuit as a modulation of the equilibrium condition. At the equilibrium point, the control inputs are equal to V dd /2 and the transistor currents are equal to I bec . For simplicity, we will model the weak inversion behavior knowing that a similar analysis may be done for strong inversion as well. The input modulation of the drain current as a function of the i th input terminal may be expressed as exp{
The accumulated drain current modulation of m inputs is expressed as the product
The effective drain current of a multiple input n-type FGUVMOS transistor may then be written as
where I bec is the programmed equilibrium point current, that is the drain-source current of any FGUVMOS transistor with all control inputs equal to V dd /2. The drain current of a multiple input p-type FGUVMOS transistor may then be written as
assuming that the slope factor of the p-type-and n-type transistors are equal.
Furthermore, we may express the min and max currents of the n-type transistor in terms of the balanced equilibrium current and current modulation
where R = exp{
III. Tuning floating-gate circuits with UV-light A. The basic programming technique
The traditional way to control or charge/discharge a floating-gate is to employ electron tunneling and/or electron injection. In order to use the floating-gate transistors efficiently we need to be able manipulate the floating-gate charge without adding significant programming/tuning circuitry.
In order to initiate FGUVMOS circuits, we need to access all floating-gates simultaneously through a resistive coupling. When exposing the gate-source/gate-drain regions to UV-light (250nm) a UV-activated conductance [8] Poly2 Poly2/ Poly1
Metal (gnd)
Pad window UV window is temporarily connecting the source/drain to the floatinggate. By using metal layers and/or passivation as a shield we may activate any desired UV-conductance between source/drain, or even control gate, terminals and the respective floating-gates. The layout of a two-input FGU-VMOS is shown in figure 1 , and the parasitic capacitances and conductances of a two-input FGUVMOS transistor are shown in figure 2 . The entire chip is exposed to a single UVsource and the UV-activated conductances will disappear once the UV-light is removed. All floating-gate transistors will be tuned simultaneously. The programming technique may be used to reprogram the chip to different supply voltages and current levels (effective threshold voltages).
A simplified FGUVMOS tuning technique was presented in [10] , [11] . The FGUVMOS inverter is shown in figure  3 . In the operative mode (normal biasing) there are no resistive connections to the floating-gate. In the programming mode (reverse biasing) the desired UV-activated conductances G ngd and G pgd are present. The parasitic UVactivated conductances G ngs , G nf , G ngb , G pgs , G pf and G pgb , shown in figure 3 b) are determined by the layout and must be considered when designing the FGUVMOS circuits. The overlap capacitance C gd is added to the Early effect and can be observed as an increased output conductance. By increasing the floating capacitors compared to the inherent MOS capacitors and increasing the transistor length the drain conductance can be reduced to an acceptable level for digital circuits and amplifiers. When reverse biasing the inverter, see figure 3 (b) , that is applying a more positive voltage on V ss compared to V dd , the source and drain terminals are interchanged leaving us with a low impedance common source output. The FGUVMOS programming technique can be described in a number of steps: 1. Decide the operative (normal biasing) supply voltage V dd . The optimal supply voltage may vary among applications. 2. Apply V dd /2 to all external inputs. The digital gates and analog sub-circuits are programmed to get V dd /2 at any output or internal node when all inputs are V dd /2. 3. Apply the programming voltages at the supply rails, V − at V dd and V + at V ss . The supply rails are used to provide the programming voltages and the circuits are reverse biased. The effective threshold voltage seen from the control gate is determined by the programming voltages. The threshold voltage of the gates can be programmed to allow "perfect" DC transfer characteristics. 4. Terminate the programming by removing the UV-light source when any output converges to V dd /2. Figure 4 shows the FGUVMOS inverter output in the programming mode for 4 identical inverters on 4 different chips. The initial floating-gate voltages may vary. If the the outputs converges to an undesired value ( = V dd /2) either V − or V + has to be altered. Normally we use only one set of programming voltages for a chip. 5. Set the biasing voltages to normal values. All floating-gate have been programmed simultaneously without accessing the transistors, gates or sub-circuits individually.
B. FGUVMOS parasitics and second order effects
The FGUVMOS transistor conductances and capacitances are shown in figure 2. The UV-activated programming conductance G gs appears as a resistive connection between the floating-gate and diffusion wherever a UVwindow (stippled line) allows UV-light to penetrate to the transistor. C 1 and C 2 are the floating input capacitances between the control gates and the floating-gate. The value of the active conductances and capacitances compared to the parasitics are of course dependent on the actual layout. Benson and Kerns [8] model the nonlinear UV-activated conductance. Due to the small UV-activated current the time constants are very large (minutes for minimum transistors for the 0.8µ double poly AMS CMOS process [12] ). The time constant, however, are proportional to the floating-gate capacitance. For small devices in modern CMOS processes the time constant can be reduced to seconds. The programming voltages applied to the FGUVMOS inverter are shown in figure 5 . Notice the high positive programming voltage required to program the equilibrium current or effective threshold voltage. There are two factors that contribute to the rather large programming voltage; first, the inherent work function [13] of the transistors and secondly, the parasitic UV-activated conductances. From figure 5 we can estimate the value of the programming conductance compared to the lumped parasitic conductance to approximately 30%. The parasitics can be reduced by narrowing the UV-window or using "round transistors" [14] . The large work function difference is rather destructive and limits the programmability of the p-type transistor (n-type poly1). When applying V − = 0V on the p-type transistor (V dd ) the floating-gate of the pFET will end up at approximately −1V , hence the pFET operates in strong inversion and is normally to strong compared to the nFET. However, we may use the back-gate of the pFET to adjust the pFET current. Modern processes offer p-type as well as n-type poly1, which can be utilized to improve the symmetry of the pFET and nFET in the programming mode, and to improve the programmability of the pFET in particular. In order to examine the parasitic capacitances, the nFET current of the FGUVMOS inverter is measured in the programming mode and in the normal mode after flipping the supply rails. When flipping the supply rails from reverse biased programming mode to normal mode the floating-gate voltages should be retained. However, when reversing the supply rails the source/drain terminals are interchanged and we should expect a small change in the floating-gate voltage due to the non-zero parasitic capacitance C sg and to some extent C dg . The nFET current of the FGUVMOS inverter is measured in the programming mode and shown in figure 6 as a function of the equilibrium current. A model of the FGUVMOS inverter implemented in matlab [15] using the EKV model [16] including parasitic capacitances and a photon induced current I photon (nA )is shown in the figure (solid line). The parasitic capacitances C sg and C dg will effectively contribute to a reduced equilibrium current for current levels above a few nano amps. The photon induced programming current is due to a parasitic photo diode located in the UV-window. The photon current is dependent on the light intensity and wave length and can be reduced. We can see that the model including the photon induced current and the parasitic capacitances clearly fits the measured data.
The FGUVMOS inverter, or any FGUVMOS circuit, may be programmed to different current levels and supply voltages as shown in figure 7 and 8. The inverter threshold can be set to V dd /2 for all supply voltages and current levels.
IV. The floating gate current mirror, inverter, scaler and level shifter
The split floating-gate mirror circuit [17], [5] is shown in figure 9 (a) . The floating gates of the current mirror are controlled through capacitor C ni and C no . As for all FGUVMOS circuits we have that when the input V in is equal to V dd /2 the output V out is equal to V dd /2, and the floating gate voltages are equal. If we choose C no /C ni > 1, the error due to finite drain conductance can be reduced.
We may explore the symmetry and make a current mirror with an inverted output as shown in in figure 9 (b) . In this way we get a true analog current inverter.
The input current of the single input FGUVMOS circuits in figure 9 (a) may be expressed as
The output current of the current mirror may be ex- pressed as
If k no = k ni , Eq. 2 reduces to
Along the same lines we may find the transfer function of the current-inverter for k po = k ni :
The accuracy of the current mirror and current inverter may be increased by optimizing the ratio C no /C ni and C po /C ni [6] to compensate for the drain conductance. The current mirror and current inverter characteristics are shown in figure 10 together with a common-gate approach. (a) (b) Fig. 11 . Floating-gate current expansion and level shifting circuit.
As expected the output conductance compensation is effective. The dynamic range of currents are close to three orders of magnitude for a supply voltage equal to 0.7V and a capacitive division factor (k no /k ni ) equal to 1.07. The split gate in-out characteristics are linear and the error is significantly reduced compared to the common gate design. Note that the split-gate current mirror do not have the built-in feedback mechanism through the C gd capacitor which is present in normal MOS-and common-gate floating current mirrors. A specific capactive division factor can be used for a wide range of equilibrium current levels [6] , [5] . Consider the current mirror and current inverter in figure  9 , the output voltage V out is a function of the input current or input voltage
The current expansion circuit is shown in figure 11 . Note that the circuit may be used to compress rather than expand if s = k 3 /k 2 < 1. The currents can generally be inverted by using an analog current inverter shown in figure 11 (b) [11] . The output current of the mirror circuit shown in figure 11 (a), assuming that s = k 3 /k 2 > 1, may be expressed as
where k 1 +k 2 ≤ 1 and exp{ If the supply voltage is equal to 0.7V the expansion is close to 10000 for s = 3. A current expansion of 10000 may thus be implemented using minimum sized transistors and two small floating capacitors where the large ratio is achieved by reducing the total area, that is we reduce the Fig. 12 . Floating-gate current compression and level shifting.
capacitor C 2 compared to C 3 . The value of C 2 is typically comparable to the transistor gate-oxide capacitance, thus the area consumed by capacitor C 2 is comparable to a minimum sized transistor.
The maximum dynamic level shift for a supply voltage equal to 0.7V is larger than 1000, and the current may be shifted both upwards and downwards.
The value of k 1 depends on k 2 , that is, we have that
If k 2 is reduced to increase the gain the value of k 1 may be increased, thus increasing the level shifting range.
The output current of the current inverter shown in figure 11 (b) may be expressed as
The output current of the compression and level shifter circuit shown in figure 12 (a), assuming that s = k 3 /k 2 < 1, may be expressed as
The values of k 1 may depend on k 3 , that is, we have that k 1 + k 3 ≤ 1. If k 3 is reduced to increase the expansion, the value of k 1 may be increased, thus increasing the level shifting range. The output current of the current inverter shown in figure 12 (b) may be expressed as
The circuits in figure 13 is presented to complete the possible configurations of the basic "current mirror" circuit. The output current of the mirror circuit shown in figure 13 (a) may be expressed as where
We may use the circuit as a pure level shifter if s = k 3 /k 2 = 1, A test circuit (figure 14) was fabricated in AMS 0.8µ process using minimum sized transistors and coupling capacitors up to twice the size of the gate area. Figure 15 exhibit the tuning process. The currents in the two current branches in figure 14 was measured every minute during the tuning process. The currents are starting out way off in the lower left corner. The output current is increasing fast to a high value slowly recovering to its desired value. The compressed and shifted internal current is monotonically increasing to its desired value. The resulting currents after 30 minutes of programming are shown in the inset where the dashed line is the output current after a compression and expansion and the solid line uncover the internal compressed current. In this measurement no shifting was applied by setting V b1 = V * b2 . In order to show the quality of our tunable current mirror the circuit in figure 14 was used in two ways, 1) compress/shift up -expand/shift down and 2) compress/shift down -expand/shift up. By applying different biasing to the V b1 and V b2 inputs both functions could be shown. The solid line shows expand/shift upto fairly high currents approaching strong inversion. The linearity of the following compressed/shifted current is still very good (lower solid line). The dashed lines show compress/shift to picoamps followed by expand/shift back to the applied input current level maintaining good linearity.
V. Current multiplier/divider circuits A current multiplier, shown in figure 17, with extended dynamic range and better symmetry, compared to implementations reported earlier in [17], may be implemented as a FGUVMOS circuit. Applying our equilibrium analysis we find the output current, I No , may be expressed as
Again if k o1 /k i1 = k o2 /k i2 we have that figure 18 the simulated output of the current multiplier is shown.
An interesting feature is revealed when playing with the terms k o1 /k i1 and k o2 /k i2 . If we let
Fig. 17. FGUVMOS current multiplier. Ipo, Iin2=Ibec
Ipo, Iin2=Imax
Ino, Iin2=Imin
Ino, Iin2=Ibec
Ino, Iin2=Imax 1/2 in equation 9 we get
As illustrated, different compressive or expansive functions might be added just by changing capacitive ratios. To make the picture complete, we present the FGU-VMOS current divider.
The output current I No in figure 19 may be expressed as
. The simulated output currents of the improved current divider are shown in figure 20 .
A slightly simplified version of the circuit in figure 18 was implemented in AMS 0.8µ CMOS using minimum sized transistors. One of the input-current branches was removed and replaced with a direct capacitive coupling to a nMOS output transistor. Before testing, the circuits were programmed using a standard 4W UV-eraser according to the procedure required for FGUVMOS transistors. The measured performance of a current multiplier is shown in figure 21 with a supply voltage of 0.7V . The output current is measured as a function of the input current while varying the multiplying input voltage. Note that a pure current-mode version of this circuit would not achieve a dynamic range of this magnitude, but with one voltagemode input terminal, we could exceed the 0.7V power supply voltage. For higher current-levels transition to strong inversion may be observed, but for weak inversion the linearity is exceptional.
VI. Conclusion
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